Introduction
============

Aging is accompanied by a general dysregulation in immune function. This progressive deterioration affects both innate and adaptive immunity. Several studies have demonstrated that aging is associated with decreased phagocytic activity of macrophages, reduced NK cell cytotoxicity, impaired activation and proliferation of T- and B-lymphocytes,^([@B1]--[@B4])^ and dysregulated production of soluble mediators such as cytokines and chemokines.^([@B5])^

Propolis is a chemically complex resinous substance collected by honeybees from leaf buds and cracks in the bark of various plants, comprising plant exudates, secreted substances from bee metabolism, pollen and waxes.^([@B6])^ More than 300 chemical compounds have been identified from propolis, including polyphenols (e.g., flavonoids), coumarins, terpenes, amino acids, minerals, and so on.^([@B7]--[@B11])^ Propolis has been found to have a wide spectrum of biological and pharmaceutical properties and used as a potential immune regulator.^([@B12])^ Recently, it was reported that Brazilian green propolis has immune enhancing action both *in vitro* and *in vivo*.^([@B13],[@B14])^ However, most experiments *in vivo* were performed on young animals, and limited studies have been carried on aged subjects. In the present study, we investigated the effects of Brazilian green propolis on innate and adaptive immunity in aged mice, so as to provide a practical basis for the application of Brazilian green propolis in improving innate and adaptive immunity in aged individuals.

Materials and Methods
=====================

Chemicals
---------

Concanavalin A (ConA) and cinnamic acid were purchased from Sigma-Aldrich (St. Louis, MO). The artepillin-C standard was purchased from Wako Pure Chemicals (Osaka, Japan). Brazilian green propolis was obtained from Apis Flora Industrial E Comercial Ltda (Sao Paulo, Brazil). All other reagents used were of HPLC-grade, guaranteed or analytical grade.

Analysis of total polyphenols, flavonoid, cinnamic acid, and artepillin-C in propolis
-------------------------------------------------------------------------------------

Total polyphenols was determined spectrophotometrically by using the Folin-Ciocalteu method as described previously.^([@B15])^ Total flavonoid was measured by the aluminium chloride colorimetric assay.^([@B16])^ Cinnamic acid was detected by a reversed phase (RP)-HPLC procedure reported by Huang *et al.*^([@B17])^ Artepillin-C was assayed using a HPLC method as described previously.^([@B18])^

Animals and treatments
----------------------

Eighty aged Kunming mice (15--18 months), weighing 48--57 g, were obtained from the Laboratory Animal Center of Chinese Academy of Military Medical Sciences (Beijing, China). They were kept in a well-ventilated room at 22--24°C and 50% relative humidity, with 12 h/12 h light-dark cycle. Food and water were provided *ad libitum*. After acclimation for 5 days, they were randomly divided into four groups according to their body weight. Control group received 0.1 ml of plant oil, and other three groups were treated with raw Brazilian propolis at the doses of 83.3, 157.4 and 352.9 mg/kg in 0.1 ml of plant oil respectively, by gavage. The experiment lasted for 4 weeks, and body weight and diet intake were weighed every third day. At the end of the experiment, forty mice were fasted overnight before blood samples were taken from the orbital plexus under diethyl ether anesthetization, and spleen were taken after the mice were sacrificed for measurement of splenic NK cells activity, lymphocyte proliferation and antibody generation cells. Samples of serum were prepared accordingly after centrifugation for determination of serum HC~50~ value, antibodies (IgG and IgM), and cytokines (IL-1β, IL-4 and IFN-γ). Meanwhile, forty mice were selected for peritoneal macrophage phagocytosis and ear swelling test. All procedures were performed in accordance with the current Chinese legislation on the care and use of laboratory animals and approved by Department of Scientific Management of the institute.

Phagocytosis by peritoneal macrophages
--------------------------------------

Peritoneal macrophage cells were isolated as described previously^([@B19])^ and 0.5 ml of peritoneal macrophage cells suspension was mixed with 0.5 ml of 1% cock red blood cell suspension. Then, 0.5 ml of mixture was dropped on a glass slide and incubated at 37°C for 20 min. Attached cells were fixed with methanol for 1 min before staining with Giemsa. The slides were washed, air dried and observed under microscope. Phagocytic rate was calculated as the number of macrophages phagocytized chicken red blood cells per one hundred macrophages, and phagocytic index as the average number of chicken red blood cells phagocytized per peritoneal macrophage cell.

Assay of splenic NK cytotoxicity, T lymphocyte proliferation and antibody generation cells
------------------------------------------------------------------------------------------

Splenocyte preparation was based on the method reported by Han *et al.*^([@B20])^ NK cell-mediated cytotoxic activity was determined by using a colorimetric assay based on the measurement of lactic acid dehydrogenase (LDH) activity released from the cytosol of lysed Yac-1 target cells into the supernatant.^([@B21])^ A commercial LDH activity determination kit was obtained from Nanjing Jiancheng Bioengineering Institute, China. The splenic T lymphocyte proliferation was assayed according to an improved MTT assay described previously by Pagliarone and Hernandez.^([@B22],[@B23])^ Antibody generation cells were measured by a spectrophotometric method as reported by Li *et al.*^([@B24])^

Measurement of serum IgG, IgM and cytokines
-------------------------------------------

Serum contents of IgG and IgM were assayed by an immunoturbidimetric method, using a commercial kit (Shanghai North and Biochemical Reagent Co., Ltd.). The contents of IL-1β, IL-4 and IFN-γ in serum were measured by enzyme linked immunosorbent assay (ELISA), using commercial kits from BD Biosciences (R&D Company, VA).

Determination of hemolysin to SRBC
----------------------------------

The assay described by Wen *et al.*^([@B25])^ was followed to analyze serum hemolysin to SRBC. The absorbance for each tube was recorded and the 50% hemolytic dose (HC~50~) calculated by the following formula. Sample HC~50~ = sample absorbance/50% hemolytic absorbance × dilution factor.

Ear swelling test
-----------------

The ear swelling was measured according to the method described by Escandell *et al.*^([@B26])^ After being challenged for 48 h, a piece of ear tissue (8 mm in diameter) was taken, and weighed with an analytical balance. The swelling was calculated as the increased weight of right ear (challenged side) over the left one (blank side).

Statistics analysis
-------------------

Data were expressed as mean ± SD, and significant differences among treatments were determined by analysis of variance (ANOVA) followed by LSD test. Statistic significances were accepted at *p*\<0.05.

Results
=======

Contents of total polyphenols, flavonoids, cinnamic acid and artepillin-C in Brazilian green propolis
-----------------------------------------------------------------------------------------------------

The contents of total polyphenols, flavonoids, cinnamic acid and artepillin-C in Brazilian propolis were 189.12 mg/g, 98.46 mg/g, 1.95 mg/g and 23 mg/g, respectively.

Body weight and food intake
---------------------------

No significant difference was observed in the average body weight and food intake between the experimental and control groups during the experimental period (data was not shown).

Phagocytosis of peritoneal macrophages
--------------------------------------

Administration of Brazilian green propolis could promote peritoneal phagocytosis at the dose of 157.4 mg/kg, and increased phagocytic index at the dose of 352.9 mg/kg significantly in comparison to the control group (Table [1](#T1){ref-type="table"}).

Splenic NK cell activity and T cell proliferation
-------------------------------------------------

No effect was observed on splenic NK cell activity after the treatment of Brazilian green propolis (Table [2](#T2){ref-type="table"}). Splenic T cell proliferation was slightly increased at the doses of 157.4 and 352.9 mg/kg, but without statistical significance (Table [2](#T2){ref-type="table"}).

Ear swelling extent
-------------------

Ear swelling extent was increased in all propolis treatment groups compared with the control group, in a dose dependent manner (Table [2](#T2){ref-type="table"}).

Serum contents of IgG, IgM, hemolysin and cytokines, and number of antibody generation cells
--------------------------------------------------------------------------------------------

Serum IgG level was also dramatically increased in mice receiving 83.3 and 157.4 mg/kg.bw of Brazilian green propolis compared to the control mice, while no significant difference was noted in serum IgM level among different groups. Serum hemolysin was found to be higher in mice receiving 157.4 and 352.9 mg/kg.bw of Brazilian green propolis when compared to the control mice (Table [3](#T3){ref-type="table"}). No significant increase in serum IL-1β, IFN-γ and IL-4 levels was found after the administration of Brazilian green propolis (Table [4](#T4){ref-type="table"}). Only a slight increase was observed in the number of antibody generation cells in mice receiving 157.4 mg/kg.bw of Brazilian green propolis (Table [3](#T3){ref-type="table"}).

Discussion
==========

Macrophages are an important component in innate immunity. They function primarily as phagocytic cells and are capable of phagocytosing pathogenic organisms. In addition, macrophages are potent cytokines producer and play a crucial role in a variety of processes, including antigen presentation and wound healing.^([@B27])^ The results of the present study suggested that the peritoneal macrophages were activated by Brazilian green propolis administration, as indicated by increased phagocytic ability. Several studies had demonstrated that some of ingredients in propolis, such as caffeic acid phenethyl ester, cinnamic acids, and artepillin C, could activate macrophages *in vitro* and *in vivo*.^([@B28]--[@B31])^

The extent of ear swelling after challenging is closely associated with intact cellular immunity and has been shown to be a sensitive, quantitative and reproducible measurement of cell-mediated immunity.^([@B32],[@B33])^ The results of this study indicated that the cellular immunity of aged mice was activated by Brazilian green propolis. The increased ear swelling could be attributed to the changes in some components of the cellular immune system that occurred at the same time. In the present study, activated peritoneal macrophages may contribute significantly to the increase in ear swelling.

Aging is associated with a decline in B cell function and humoral response is substantially impaired.^([@B34],[@B35])^ The number of mature B cells and IgG level decrease significantly in the aged.^([@B36])^ The specific antibody response also decreases with aging.^([@B37])^ In the present study, Brazilian green propolis increased serum IgG level and SRBC specific antibody production in aged mice, suggesting improved IgG production and enhanced specific antibody response. Similar results have been reported in laying hens, turbots and chickens.^([@B38]--[@B42])^

Brazilian green propolis characterized by prenylated phenylpropanoids and caffeoylquinic acids.^([@B43])^ Artepillin C and p-coumaric are major constituents of a propolis sample from Sao Paulo state (southeast Brazil).^([@B44])^ In the present study, the analysis of composition indicated that Brazilian green propolis used in this study was rich in polyphenols, flavonoids, cinnamic acid and artepillin-C. Ansorge *et al.*^([@B45])^ demonstrated that propolis had a direct regulatory effect on basic functional properties of immune cells which may be mediated by the Erk2 MAP-kinase signal pathway. Water extract of propolis was effective in stimulating NO release and surface molecule expression in murine macrophage cells.^([@B20])^ The flavonoids could be an important component in activating innate and adaptive immune cells as reported by Yuan *et al.*^([@B42])^ Phenolic compounds, such as cinnamic acid had been demonstrated to be effective in stimulating cytokine IL-1β production in murine macrophages.^([@B46])^ A study conducted by Fischer *et al.*^([@B47])^ showed that the polyphenol compounds extracted from Brazilian green propolis could promote specific antibody secretion in mice. Artepillin-C, a low-molecular-weight phenolic compound, was effective in T helper cells expansion and activation, as well as macrophage activation as demonstrated previously by Cheung *et al.* and Kimoto *et al.*^([@B31],[@B48])^ Therefore, we consider a possibility that artepillin-C may be one of the most important ingredients in Brazilian green propolis in activating macrophage phagocytosis.

Conclusions
===========

In conclusion, Brazilian green propolis is effective in improving immune function in aged mice, especially at a dose of 157.4 mg/kg.bw. The peritoneal macrophage function was activated and serum IgG, hemolysin, as well as ear swelling were increased in response to the administration of Brazilian green propolis.
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###### 

Effects of Brazilian green propolis on peritoneal phagocytic ability in aged mice

  Group         Dose (mg/kg.bw)   Phagocytosis percentage (%)   Phagocytosis index
  ------------- ----------------- ----------------------------- --------------------
  Control       0                 70.71 ± 13.70                 1.80 ± 0.48
  Brazilian 1   83.3              66.23 ± 6.91                  1.61 ± 0.46
  Brazilian 2   157.4             83.20 ± 10.25\*               2.29 ± 0.46
  Brazilian 3   352.9             79.11 ± 9.55                  2.53 ± 0.87\*

Values are presented as mean ± SD (*n* = 10). \**p*\<0.05, compared with control. Peritoneal phagocytosis at the dose of 157.4 mg/kg and phagocytic index at the dose of 352.9 mg/kg were significantly increased after administration of Brazilian green propolis, and *p* value were 0.011 and 0.010 respectively.

###### 

Effects of Brazilian green propolis on NK and T cell function in aged mice

  Group         Dose (mg/kg.bw)   NK Cells activity (U/L)   T cell proliferation (OD value)   Ear swelling (mg)
  ------------- ----------------- ------------------------- --------------------------------- -------------------
  Control       0                 154.92 ± 34.94            0.387 ± 0.165                     4.9 ± 2.4
  Brazilian 1   83.3              135.86 ± 51.90            0.389 ± 0.087                     8.9 ± 3.8\*
  Brazilian 2   157.4             160.53 ± 29.61            0.477 ± 0.047                     11.6 ± 5.4\*
  Brazilian 3   352.9             158.72 ± 37.64            0.484 ± 0.069                     18.2 ± 2.5\*

Values are presented as mean ± SD (*n* = 10). *p*\<0.05, compared with control. Ear swelling extent was increased significantly in all propolis treatment groups compared with the control group, and *p* value was 0.031, 0.001 and 0.000 in 83.3 mg/kg, 157.4 mg/kg and 352.9 mg/kg group respectively.

###### 

Effects of Brazilian green propolis on humoral immunity in aged mice

  Group         Dose (mg/kg.bw)   IgG (g/L)        IgM (g/L)     Hemolysin       Number of antibody generation cells
  ------------- ----------------- ---------------- ------------- --------------- -------------------------------------
  Control       0                 23.03 ± 8.30     0.22 ± 0.04   1.35 ± 0.03     1.83 ± 0.66
  Brazilian 1   83.3              34.48 ± 5.94\*   0.21 ± 0.02   1.40 ± 0.03     1.75 ± 0.76
  Brazilian 2   157.4             32.35 ± 9.08\*   0.22 ± 0.06   1.56 ± 0.22\*   2.00 ± 0.78
  Brazilian 3   352.9             31.53 ± 10.28    0.20 ± 0.03   1.48 ± 0.03\*   1.56 ± 0.65

Values are presented as mean ± SD (*n* = 10). \**p*\<0.05, compared with control. Serum IgG level was dramatically increased in mice receiving 83.3 and 157.4 mg/kg.bw of Brazilian green propolis compared to the control mice, and *p* value was 0.013 and 0.041 respectively. Serum hemolysin was found to be higher in mice receiving 157.4 and 352.9 mg/kg.bw of Brazilian green propolis when compared to the control mice, and *p* value was 0.002 and 0.046 respectively.

###### 

Effects of Brazilian green propolis on serum cytokines in aged mice

  Group         Dose (mg/kg.bw)   IL-1β (pg/ml)   IFN-γ (pg/ml)    IL-4 (pg/ml)
  ------------- ----------------- --------------- ---------------- ----------------
  Control       0                 10.07 ± 1.80    206.62 ± 28.63   148.61 ± 19.22
  Brazilian 1   83.3              10.20 ± 1.33    236.70 ± 33.06   152.29 ± 17.72
  Brazilian 2   157.4             13.93 ± 5.90    242.95 ± 57.89   141.37 ± 15.90
  Brazilian 3   352.9             13.44 ± 3.24    220.52 ± 23.88   161.15 ± 7.32

Data are expressed as mean ± SD (*n* = 10). No significant increase in serum IL-1β, IFN-γ and IL-4 levels was found after the administration of Brazilian green propolis.
